CCS, Nuclear Power and Biomass An Assessment of Option Triangle under Global Warming Mitigation Policy by an Integrated Assessment Model MARIA-23  by Mori, Shunsuke et al.
 Energy Procedia  37 ( 2013 )  7474 – 7483 
1876-6102 © 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of GHGT
doi: 10.1016/j.egypro.2013.06.691 
GHGT-11 
CCS, Nuclear power and Biomass  An Assessment of Option 
Triangle under Global Warming Mitigation Policy by an 
Integrated Assessment Model MARIA-23 
Shunsuke Moria   Keisuke Miyajib and Kazuhisa Kamegaia 
aTokyo University of Science, Yamasaki 2641, Noda, Chiba, Japan 
bAstellas Pharma Inc., Honmachi 2-3-11, Nihonbashi, Chuo-ku, Tokyo, Japan 
Abstract 
It is well understood that the global climate change caused by the increase of greenhouse gas (GHG) 
emission would be a serious barrier towards the sustainable development. Nuclear power, CCS and 
biomass have been regarded as the major options in the GHG mitigation policy. However, since the social 
acceptance of nuclear power expansion has seriously been changed after the gigantic earthquake on 
March 11, 2011 followed by the Fukushima Daiichi nuclear power station accident, the energy policy 
makers are forced to consider both the global warming and the decline of nuclear power simultaneously. 
This study attempts to address the following key questions: (1) how much additional costs or decline of 
production will be needed when nuclear power expansion is limited under the GHG emission control 
policies and (2) to what extent the potential of the biomass and CCS could compensate for the nuclear 
power reductions.  We expand an integrated assessment model, MARIA-23 (Multiregional Approach for 
Resource and Industry Allocation) to deal with the CCS options and biomass options taking into account 
the additional carbon emission by cultivation. The simulation results show the interrelationships of the 
carbon mitigation contributions of the above three major options under various scenarios. 
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1. Introduction 
It is well understood that the global climate change caused by the increase of greenhouse gas (GHG) 
emission would be a serious barrier towards the sustainable development. Nuclear power, carbon capture 
and storage technologies (CCS) and biomass have been regarded as the key options in the GHG mitigation 
policy. However, since the social acceptance of nuclear power expansion has seriously been changed after 
the gigantic earthquake on March 11, 2011, the energy policy makers are forced to consider both the 
global warming and the decline of nuclear power simultaneously. Then the following questions arise; (1) 
how much additional costs or decline of production will be needed when nuclear power expansion is 
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limited under the GHG emission control policies and (2) to what extent the potential of the biomass and 
CCS could compensate for the nuclear power reductions. In order to assess the technology and the policy 
options under the climate policies, various integrated assessment models such as GCAM[1][2], 
MERGE[2][3], IMAGE[4], AIM[5], ASF[6], MESSAGE[7], DNE-21[8], and MARIA[9] have been 
developed. Recently, they constitute a multi-model assessment project, such as GCAM[10], 
MiniCAM[11], MIT-EPPA[12], WITCH[13], and RECIPE[14]. However, the "contribution triangle" of 
the above three possible options are not clearly discussed since nuclear power expansion is often given 
exogenously. 
This study attempts to evaluate the contributions and interactions of nuclear power, CCS and biomass 
by an integrated assessment model MARIA-23 (Multiregional Approach for Resource and Industry 
Allocation) which evaluates the nuclear power expansion endogenously including fuel recycling. The 
expansion of MARIA in this study is as follows: (1) including the carbon emission from soil caused by 
the land use changes especially from forestry to cropland, (2) utilization of by-products for animal feed, 
i.e. oil cake of soy beans and dried distillers grains with solubles (DDGS), (3) utilization of sugar cane, oil 
palm and miscanthus for the ethanol production, and (4) formulation of thermal power generation plants 
with and without CCS.  
2. Expansion and the Assumptions of MARIA-23 
2.1. Summary and Structure of MARIA 
MARIA (Multiregional Approach for Resource and Industry Allocation) is originally developed by the 
author as an inter-temporal optimization model integrating top-down macro-economic activity and 
bottom-up technology flows. Land-use change under food demand and supply scenario[9], nuclear fuel 
recycling, carbon capture and storage, biomass utilization considering land use changes are included. 
[15][16]. The  structure of MARIA is summarized as follows: 
(1) Economic activity: each region has one aggregated macro production function which consists of 
capital (K), labor (L), electric energy (E), and non-electric energy (N). Putty-clay production function is 
also employed. 
(2) Energy flows: primary energy sources, i.e. coal, oil, natural gas, nuclear power, biomass and other 
renewables (solar, wind and geothermal energy), are converted such secondary energy types as electricity, 
oil products, ethanol, methanol, hydrogen, and thermal direct use. These secondary energy carriers are 
further aggregated into electricity and non-electric energy and then distributed among final demand 
sectors, i.e. industry, transportation and others. 
(3) Energy demand: the secondary energy demand of the industry sector is obtained by solving the 
inter-temporal optimization to maximize the discount summation of utility functions similar to DICE 
model. Energy demands for other sectors are determined by the simple demand functions of population 
and per capita income. 
(4)Carbon circulation and climate changes: Bern carbon cycle model [17] and simple climate model 
following DICE model are incorporated. 
(5)Nuclear fuel cycle: three reactor types, light water reactor (LWR), LWR with Pu fuel (LWR-Pu) 
and fast breeding reactors (FBR), are explicitly considered. MARIA formulates Uranium and Plutonium 
demand balances for the initial loading and equilibrium operation by reactor type explicitly.  
(6)Carbon capture and sequestration (CCS): three storage types, aquifer, depleted gas wells and ocean, 
are considered. 
(7)Food demand and land use changes: MARIA deals with the land use changes among cropland, 
forest, pasture and others based on the yield growth of crops and animals considering simple food demand 
functions.  
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Table 1 shows the aggregation of countries. 
 
Table 1 Regional aggregation of MARIA-23 
CODE Region CODE Region CODE Region
USA United States NLD Netherlands CHN China, R.P
CAN Canada WEP Other Western Europe countries IND India
MCM Mexico and middle America FSU Former USSR ASN ASEAN countries
XCM Caribbean and other coutnries EEP Former Eastern Europe TME Turkey and Middle East Asia
BRA Brazil NAF North African countries ANZ Australia and NewZealand
SAM South American coutnries CAF Central African countries XAP Other Asian countries
DEU Germany SAF South African countries XRW Other countries
GBR United Kingdom JPN Japan  
 
2.2.Expansion of MARIA on biomass options 
In this study, MARIA is expanded to deal with the above questions especially focusing on the biomass 
contributions more concretely.  
 
2.2.1 Assessment of potential cropland 
In this study, MARIA-23 employs the key parameters on the future land use change potentials as well 
as food supply-demand projections given by the GISELA model which assesses the long-term world crop 
potential based on GIS based land use data [18]. GISELA deals with soy and three major crops, i.e., 
maize, rice and wheat. The potential cropland area in the current pasture/grassland, tropical forest and 
other forest is evaluated based on the FAO Soil Map [19] and the climate conditions provided by the 
IPCC data distribution centre by crop. GISELA formulates the food demand as a simple function with the 
price and the income elasticity. 
GISELA gives the potential cropland for each crop, total conversion area and the food and the feed 
demands for crops to MARIA-23, which then evaluates the bio fuel production under the supply 
conditions. The extension of MARIA-23 is as follows: let CRh(t,i), Nh(t,k,i) and Rh(t,j,i) denote the 
cropland for crop i, the newly cultivated potential cropland of category k (k=pasture and grassland (G), 
tropical rain forest (R), other forest (F), and fallow land (N) ) and rotated cropland from crop j to crop i, 
respectively. The area of fallow land is given by FAOSTAT [FAO, 2009]. The cropland balance is then 
)i,t(CR)j,i,t(R)i,j,t(R)i,k,t(N)i,1t(CR)i,t(CR h*hj hk hhh   (1) 
 
i h
*
h
t
0
)k,t(N)i,k,(N            (2) 
where CR h(t,i) and N h(t, k) represents the potential cropland for crop i and newly converted area from 
land type k, respectively. Equation (3) represents the upper limit of cumulative conversion from potential 
cropland. Total supply Sh(t,i) calculated by CRh(t,i) and the projected yields based on the climate change 
scenario and soil conditions is distributed to the trade, the food, the feed and the bio fuel production 
demands. 
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2.2.2  Carbon emission by cultivation 
The land conversion Nh(t,k,i) causes the carbon emission from soil and existing land biomass. The 
existing wood stock of biomass on land per area is given by the wood intensity given by FAOSTAT. The 
water content of wood is assumed to be 60%, 50% and 45% for the tropical zone, the temperate zone and 
boreal zone, respectively. The author also assumes that the conversion from grassland/pasture causes 
small additional emission. 
According to NIES report [20], the ratio of the carbon weight in the soil to that on-land biomass is 
assumed to be 3.0, 0.27 and 0.4 for grassland/pasture, tropical rain forest and other forest, respectively. 
MARIA-23 allows the utilization of the existing woods as a part of biomass resource. 
 
2.2.3 Biomass energy options 
MARIA-23 employs various biomass energy options besides the crop based ethanol and firewood. We 
here include cellulose based ethanol from the residue of crops as well as the sugar crop based ethanol. We 
include the biofuel from oil-palm. Miscanthus and switchgrass are also taken into account as the cellulose 
sources. Yields of biofuels are shown in Table 2. Production cost scenario of biofuel is often controversial. 
In this study, we assume 142.8 ($/KL) [21] for starch and sugar based and 497 ($/KL) [22] for cellulose 
based ethanol, respectively. It is also assumed that cellulose based ethanol cost decreases to 130 ($/KL) in 
2020 [22]. 
 
Table 2 Yields of biofuels 
Source
Biomass
t/ha
Ethanol
L/ha
Energy
toe/ha
Corn grain 11.1 4265.4 2.140
Corn stover 8.2 2806.2 1.408
Corn total 19.3 7071.6 3.547
Sugar cane 72.8 5820.0 2.919
Rice 6.6 1980.0 0.993
Soy 2.9 580.0 0.291
Oil palm 20.6 4120.0 2.067
Switch grass 11.4 3938.0 1.975
Miscanthus 32.6 11206.0 5.621
Yield
 
 
2.2.4 Utilization of residues as feed 
It is often pointed out that the feed demand will rapidly increase according to the meat demand 
increase especially in developing regions. MARIA-23 employs two options to utilize the residue of crops 
for feed; the one is the conventional mixture of soy oilcake and another one is distillers dried grains with 
solubles (DDGS) which is a by-product of maize fermentation process. In this study, it is assumed that 
oilcake and DDGS can be included in the assorted compound feed by 12% and 40% [23], respectively. 
Thus, the demand for feed given exogenously consists of direct input of feed crop NFh(t,i), soy oilcake 
and DDGS. 
 
2.2.5 Cellulose based biofuels 
As biofuel sources without the conflicts of food production, this study includes switchgrass and 
miscanthus[25]. These are assumed to grow in the grassland area which is not suitable for crop cultivation. 
The estimated area by region is shown in Table 3 Cultivation and Ethanol production costs of miscanthus 
are assumed to be 94.1($/ton) and 928 ($/TOE), respectively according to Heaton et.al.[26] 
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Table 3 Potential area for miscanthus and switchgrass cultivation 
region Area (1000ha) region Area (1000ha) region Area (1000ha) region Area (1000ha)
USA 14,477 WEP 8,093 NAF 287 ASN 81
CAN 621 DEU 1,966 CAF 1,609 TME 121
MCM 341 GBR 1,191 SAF 45 ANZ 0
XCM 379 NLD 201 JPN 628 XAP 14
BRA 932 EEP 1,474 CHN 1,207 XRW 10
SAM 4,425 FSU 634 IND 829 WORLD 39,563  
 
2.3. Expansion of MARIA on CCS options 
In this study, CCS options in the existing MARIA have been expanded for the concrete assessment. 
We disaggregate the power generation technologies into 21 technologies as shown in Table 4 where 
thermal plants with and without CCS types are explicitly defined [27]. Table 5 summarizes the capacity of 
CCS options in GtC except for ocean sequestration. The upper limit of the ocean sequestration is assumed 
to be 0.1GtC-1.0GtC per year. CCS cost assumptions are also shown in Table 5. CCS cost varies 
depending on the transportation distance. 
 
Table 4 Classification of power generation technologies and CCS 
w/o CCS w.CCS
CLF CLFS
IGC IGCS
SFC SFCS
OLF OLFS
GSF GSFS
GCC GCCS
CBIO CBIOS
Wind power WIND
Photo voltaic SOLAR
CodePower generation technologies
Primary energy Conversion tech.
LWR
Pu-thermal LWR-Pu
Fast Breeder FBR
Renewables
Hydropower Hydro
Geothermal Geothermal
Natural gas
Conventional
GCC
Biomass Conventional
Nuclear
LWR
Coal
Conventional
IGCC
SOFC
Oil Conventional
 
3. Simulation scenario and results 
3.1. Simulation scenarios 
There are so many climate control policies. We employ the case where the atmospheric temperature 
rise is no more than 2.1 Celsius degree from pre-industry level. Next, it used to be recognized that nuclear 
power could play a major role under the climate policy and less availability of fossil fuel in this century. 
However, we have toconsider the less acceptance of nuclear power after March 11, 2011 even if global 
warming mitigation is still needed. In this study, we employ two lower nuclear power acceptance cases: in 
case-1, regional limitation case, CAN, MCM, XCM, BRA, SAM, DEU, GBR, NLD, EEP, NAF, CAF, 
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SAF, JPN, ANZ, XAP and XRW construct the nuclear power station already planned in 2011 and do not 
expand afterwards. No control policy is imposed in USA, WEP, FSU, CHN, IND, ASN and TME. In 
case-2, world limitation case, all countries implement new nuclear power station planned in 2011 and do 
not expand afterwards. 
 
Table 5 Summary of CCS capacity assumption 
Enhanced oil
recovery
Depleted oil
wells
Enhanced
gas recovery
Depleted
gas wells
Enhanced oil
recovery
Depleted oil
wells
Enhanced
gas recovery
Depleted
gas wells
USA 1.69 1.01 2.10 1.64 0.14 0.82 0.22 0.35 8.65 4.72 1.00
CAN 0.11 0.30 2.21 1.80 0.08 0.00 0.22 0.00 2.32 4.72 1.00
MCM 0.00 0.00 0.08 0.00 0.00 0.00 0.52 0.00 0.00 0.90 0.30
XCM 0.57 0.22 0.33 0.22 0.76 1.72 2.56 0.22 0.00 1.99 0.30
BRA 1.09 0.45 2.30 1.14 0.76 0.82 1.87 0.07 0.26 3.01 0.30
SAM 1.18 0.48 2.50 1.23 0.82 0.89 2.03 0.07 0.28 3.26 1.00
WEP 0.02 0.04 2.07 0.94 0.80 2.05 5.34 2.01 0.20 1.39 1.00
DEU 0.00 0.01 0.43 0.19 0.16 0.42 1.10 0.41 0.04 0.29 0.30
GBR 0.00 0.01 0.28 0.13 0.11 0.28 0.73 0.28 0.03 0.19 1.00
NLD 0.00 0.00 0.06 0.03 0.02 0.06 0.15 0.06 0.01 0.04 0.10
EEP 0.25 0.11 1.06 0.79 0.00 0.00 0.00 0.00 0.19 0.93 0.10
FSU 5.95 1.96 34.45 19.36 0.79 1.39 19.45 0.60 6.82 9.00 1.00
NAF 1.23 0.49 5.29 3.76 0.25 0.74 0.85 0.03 0.00 3.65 0.10
CAF 0.44 0.08 0.85 0.33 1.69 2.13 3.52 0.14 0.05 5.62 0.10
SAF 0.03 0.00 0.03 0.00 0.27 0.14 0.33 0.00 2.02 3.82 0.10
JPN 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.52 0.30
CHN 0.67 0.34 1.74 0.87 0.11 0.27 0.07 0.02 35.33 3.00 0.10
IND 0.08 0.02 1.89 0.78 0.12 0.26 0.92 0.12 0.40 4.22 0.30
ASN 0.27 0.25 1.91 0.76 0.38 1.04 8.70 0.82 5.18 1.75 0.30
TME 16.91 3.22 45.85 25.17 2.54 2.81 23.18 0.19 0.00 2.65 0.10
ANZ 0.00 0.00 0.05 0.03 0.14 0.41 4.61 0.11 3.08 7.66 1.00
XAP 0.03 0.01 0.70 0.29 0.04 0.10 0.34 0.04 0.15 1.56 0.10
XRW 0.15 0.07 0.38 0.19 0.02 0.06 0.01 0.00 7.76 0.66 0.10
World 30.67 9.07 106.56 59.65 10.00 16.41 76.72 5.54 72.80 65.55 10.00
Cost ($/tC) 182-188 122-128 182-188 122-128 188-199 128-139 186-192 128-139 122-128 156-162 105-118
Ocean
sequestrattion
On-shore Off-shore
ECBM Aquifer
 
(*) Ocean sequestration capacity in the table is represented by billion tons of carbon per year. 
 
Availability and acceptance of CCS is also controversial. We impose a scenario where only 1% of CCS 
capacity in Table 4 is available (CCS limitation scenario). Finally, we employ the low biomass cost case 
for the sensitivity analysis where biomass fuel costs decrease by 20% per decade until 2077 and then 
stabilize. Simulation cases are summarized in Table 5. 
 
Table 5 Simulation cases 
Temp. rise less
than 2.1 degree
regional
nuclear limit
World nuclear
limit
Lower biomass
cost
CCS limit
Scenario-1
Scenario-2 X
Scenario-3 X X
Scenario-4 X X
Scenario-5 X X X X
Scenario-6 X X X  
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3.2. Simulation results
MARIA-23 simulations are generated for 1997-2107. World primary energy consumption patterns in
Scenario-1,2,5 and 6 are shown in Figure 1 where implementation of CCS in GtC is also exhibited. In 
Scenario-2, nuclear increases similar to the existing MARIA. In Scenario-2, nuclear power is largely 
expanded in China. When nuclear power implementation is limited, gas, CCS and biomass increase as
shown in Figure 1-(c). Biomass and natural gas apparently increase in climate policy cases.
Next, we show the interaction and contribution of warming mitigation options, i.e. nuclear, CCS and
biomass. In this study, we calculate the primary energy supply of nuclear and biomass in coal equivalent
tons and then evaluate their contribution to carbon emission mitigation as the substitute of coal. CCS
implementation is counted directly. Then the share of carbon emission mitigation can be drawn on the
triangle graph. Figure 2 shows the patterns of those contribution share trajectories in Scenario-1,2, 5 and 6. 
These figures show CCS and biomass are not the major contributor when nuclear power is accepted as the
climate policy option. CCS and biomass are then implemented. Biomass is implemented but does not 
seem to be the major substitute of others.
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(c) Scenario-5 (Nuclear limit and low biomass cost) (d)  Scenario-6 (Nuclear limit and low CCS)
Figure 1 Simulation results on world primary energy consumption in GTOE and CCS in GtC
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(d) Scenario-5 (Nuclear limit and low biomass cost) (d)  Scenario-6 (Nuclear limit and low CCS)
Figure 2 Contribution patterns to the carbon emission mitigation of nuclear, biomass and CCS
World GDP changes of scenarios from BAU(Scenario-1) are summarized in Figure 3. When nuclear 
power expansion is available, i.e., Scenario-2 and Scenario-3, losses of GDP are less than 2%. When
nuclear is limited globally, loss of GDP come to 2.5% in Scenario 4 and Scenario 5. However, if both
nuclear and CCS are constrained simultaneously, world GDP loss increases rapidly. In other words, CCS
can partly compensate the nuclear limitation. Biomass cannot cover these two options.
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Figure 3 GDP changes of simulation scenarios from BAU 
4. Conclusion
In this paper, we discussed and compared the contribution of major global warming mitigation options
expanding our integrated assessment model MARIA. Since global warming mitigation requires a long
term strategy, we have to consider the trade-offs among options and should evaluate their contributions
carefully. The extended model, MARIA-23, deals with detailed biomass options and CCS technologies.
We can observe that nuclear power could contribute to the global warming mitigation firstly. However
the pre-requisite of this options is, needless to say, the social acceptance based on the safety and 
reliability. If nuclear power expansion is not available, CCS will have to play a main role. The results
suggest that biomass solely could not compensate these two options.
Since these options, as well as other options such as geo-engineering and adaptive options, still have
huge uncertainties, our approach focusing on the trade-offs is expected to contribute to the policy 
decisions under uncertainties.
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